Introduction
T h e mitochondrial outer membrane (OM) separates the intermembrane space (IMS) from the cytosol and has to realize the exchange of metabolites, adenine nucleotides, cations and information between mitochondria and the rest of the cell. T h e communication between compartments is possible by the existence of porin pores. An estimated radius of 1.3-2 x lo-' m [l] of these pores is sufficient to allow the passage of molecules up to 6 kDa [2]. But larger molecules as peptides and proteins cannot permeate. Based on these findings a recently discovered task of the OM seems to be the entrapment of apoptosis-inducing factor and cytochrome c inside of the mitochondrial outer membrane. For induction of apoptosis specific or unspecific release of these factors is necessary [3-51. So it is obvious that regular cell function requires normal mitochondria with intact OMS.
Small molecules such as adenine nucleotides, creatine phosphate, creatine and cations diffuse through porin pores driven by concentration gradients. T h e question is whether these gradients are big enough to cause compartmentation of the diffusing metabolites. Under compartmentation we understand biologically effective changes of metabolite concentrations inside a subcompartment in comparison with the bulk phases, with biological consequences. To explain the compartmentation effects in the I M S of mitochondria [6] we developed the concept of dynamic ADP compartmentation [7-91, which is becoming more and more accepted [10,11]. Now, this concept is further developed to a more complex hypothesis of the biological function of the O M in health and disease.
T h e aim of the present work was (i) to give a short review on experimental evidence of dynamic compartmentation of ADP within the IMS, (ii) to demonstrate the effect of macromolecules on dynamic ADP compartmentation, (iii) to discuss the bioenergetic consequences of leaky OMS, and (iv) to introduce methods for detection of leaks in mitochondrial outer and inner membranes within skinned muscle fibres.
Macromolecules mimic the oncotic action of cytosolic proteins on isolated mitochondria
In the intact cell, mitochondria are embedded in a 30% protein solution [12,13] whereas the currently used isotonic media for isolation and investigation of mitochondria do not contain macromolecules. In such media mitochondria appear swollen and the I M S is expanded [1+16] due to the missing effective oncotic pressure. T h e addition of macromolecules to isolated mitochondria restores the in vivo-like conformation [ Michaelis constants indicate the existence of concentration gradients across the OM. T o obtain a concentration of A T P within the I M S required for half-maximal rate of mt-CK a remarkable elevated A T P concentration is necessary in the bulk phase. However, these kinetic data give no direct information on the extent of the concen-
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tration gradient. Therefore, reconstituted systems were developed for direct determination of ratedependent concentration gradients across the OM.
Reconstituted systems for detection of rate-dependent concentration gradients across the mitochondrial OM
We used reconstituted systems consisting of (i) functionally intact mitochondria from heart and liver plus adenine nucleotides, phosphate and substrates and (ii) pyruvate kinase plus phosphoenolpyruvate, both competing for ADP regenerated by ATP-utilizing enzymes (mt-CK, mt-AK, mt-H K and yeast HK) in varied localization with regard to the mitochondrial O M [6-9,17-221. In the case of extramitochondrial regeneration by yeast HK, ADP has to pass through the porin pores on its way to the AdN-translocator (HK system). If formed in the I M S by mt-AK or mt-C K a part of the ADP is transported via the AdNtranslocator to oxidative phosphorylation. T h e rest of the ADP can pass through the pores out of the mitochondria to pyruvate kinase (AK or C K system). If the O M acts as a barrier to ADP diffusion, then the competition between mitochondrial and extramitochondrial ADP phosphorylation would be expected to be influenced by the localization of ADP-regenerating enzymes. Under stationary conditions samples were quenched and analysed for metabolite concentrations [creatine phosphate (CrP), glucose 6-phosphate, pyruvate]. From these data all ADP fluxes across the mitochondrial O M , depending on the bulk-phase concentrations, were detectable [ 6-9,16-2 1 3.
AWHK system
Rat liver mitochondria contain in their I M S huge activities of AK but no CK. Therefore these mitochondria are an excellent model for the study of AK-induced dynamic compartmentation within the IMS. In the presence of 10 yo (w/v) dextran M20 or BSA, approximately 64 yo of the maximal ADP flux from mt-AK to oxidative phosphorylation was not accessible to the extramitochondrial ADP scavenger pyruvate kinase [9, 17, 20, 21] . In the absence of macromolecules this portion was only 34 yo [20, 21] . Qilantitative information on the ADP compartmentation in rat liver mito 
CWHK system
Similar experiments as for liver mitochondria were performed with rat heart mitochondria. Here the ADP formation in the I M S by mt-CK was compared with the supply by extramitochondrial H K . Rate-dependent concentration gradients up to 2 5 p M ADP at a diffusion rate of 2pmol ADP/min per mg of mitochondrial protein have been detected in heart mitochondria ([6-91, and F. N. Gellerich, F. A. Laterveer and K. Nicolay, unpublished work).
H K b o u n d H Ksol ubl e system
In contrast with AK and CK, mt-HK is bound at the outer side of mitochondrial OM in the same compartment as pyruvate kinase. ADP formed by mt-HK should be used preferentially by extramitochondrial pyruvate kinase, and not by oxidative phosphorylation. Interestingly, in dextrancontaining model systems consisting of rat liver mitochondria and mitochondrially bound brain HK, it was found that 30 "lo of the ADP formed by mt-HK was not accessible to extramitochondrial pyruvate kinase, indicating a channelling of ADP through the porin pores to the AdN-translocator [19, 21] . In dextran-free systems the ADP channelling by mt-HK was much lower or even not detectable [8, 19, 21] . T h e experiments with mt-H K clearly showed that dextran increases the ADP channeling into the mitochondria. These results show that, in addition to the diffusion barrier created by the action of OM, microcompartments of ADP have to be taken into account. It has been shown that enzymes of the contact sites such as porin, AdN-translocator and H K form multienzyme complexes [23] . Inside of these enzyme complexes ADP microcompartments can exist with a lower ADP concentration than in the cytoplasm. In the presence of dextran the number and the stability of these complexes increase. An additional ADP compartmentation at mt-HK could be caused by unstirred layer effects on the mitochondrial surface. T h e existence of concentration gradients at mitochondrial surfaces was elegantly shown in yeast with luciferase [27] .
Rate-dependent concentration gradients and dynamic ADP compartmentation
Based on the experimental data it was possible to perform a simulation by means of a mathematical model, including diffusion terms [7, 8] . Using such models diffusion rate constants six times lower than in the presence of dextran could be estimated (B. Korzeniewski and F. N. Gellerich, unpublished work). T h e estimated concentration gradients of 25pM occur at the maximal possible diffusion rate of 2pmol of AdN/min per mg of mitochondrial protein and should be independent of the molecular species. Compartmentation with detectable biological effects occur only if the bulkphase concentration of the metabolite is at least in the same order of magnitude or lower. This is the case for ADP but not for ATP, CrP or creatine [28] . If the C K system acts as an ADP shuttle mitochondrial and extramitochondrial C K must work in different directions. For thermodynamic reasons this requires a different metabolite pattern in both compartments [9] . T h e experimentally detected ADP concentration gradients are sufficient to realize this for an ADP shuttle [9] .
Pathological consequences of a leaky OM

If the O M is partially destroyed it loses its barrier
function and the dynamic ADP compartmentation disappears with important consequences for cellular bioenergetics. In experiments comparing rat heart mitochondria and digitonin-treated mitochondria (mitoplasts) we found a significant shift respective to the control characteristic of oxidative phosphorylation in mitoplasts to lower ATP/ADP ratios in comparison with intact mitochondria [29] . At a respiration rate of 50nmol of O,/min per mg of protein the extramitochondrial ATP/ ADP ratios were lower in mitoplasts by a factor of two. This means that if the O M becomes leaky the extramitochondrial phosphorylation potential decreases and the ability of the cell to work decreases too. Due to the disappearing concentration gradient (across the OM) mt-CK can no longer work in the backward direction but works together with extramitochondrial C K in the forward direction. Therefore the C K system loses its ADP-transport function and CKs equilibrate the CrP/creatine ratio with the ATP/ADP ratio only (buffer function [30] ).
A further consequence of leaky OMS is the release of cytochrome c. Together with apoptosisinducing factor, cytochrome c is an important signal for causing apoptosis [3-51. Besides this, the dissociation of cytochrome c from the inner membrane reduces the rate of cytochrome c oxidase as well as the proton-pumping activity of the respiratory chain. This could be of importance for some of the negative consequences of irreversible permeability transition such as uncontrolled oxidation of mitochondrial substrates. On the other hand this could cause increased oxygen concentration and an increasing redox state of the respiratory chain which could stimulate the formation of reactive oxygen species [31] .
It is known that during ischaemia/reperfusion the adenine nucleotide concentration decreases [32] . We have shown that this causes decreased phosphorylation potentials due to a pronounced concentration dependency of the mitochondrial control characteristic at extramitochondrial adenine nucleotide concentrations lower than 2 mM [33] .
Figure I
Effect of reperfusion on intactness of outer and inner membranes of rabbit heart mitochondria measured in saponin-skinned fibres
Respiratory rates were measured on the same heart of a rabbit after 45 min of ischaemia (A) and after 60 min of reperfusion (6). Isotonic KCI-based incubation medium was supplemented with I0 mM pyruvate+2 mM malate. Additions: fibres, 5.6 mg (A) or 4.6 mg (6) Table I Effect of ischaemia and reperfusion on intactness of mitochondrial outer and inner membranes of rabbit heart mitochondria Rabbit hearts were transferred t o a Langendofiperifusion system. After 30 or 45 rnin of ischaemia and 60 min of reperfusion hearts were roughly dissected and stored at 4 "C until fibres were permeabilized with saponin. Parts of the permeabilized fibres were frozen in liquid nitrogen until homogenization for quantitative determination of cytochromes. Other fibres were investigated using the skinned-fibre technique as described in Figure I . Respiratory rates are given as nmol of 0,lmin per mg of sample weight. Data are given as meansfS. 
Experimental detection of leaky mitochondrial membranes in skinned muscle fibres
It is known that acute events such as inflammation, ischaemia/reperfusion and others are able to cause acute impairments of mitochondria. Leaky OMS play an important role in inducing apoptosis and cause decreased cytosolic phosphorylation potentials. Therefore the functional characterization of mitochondrial OM is of great importance for detection of acute impairments. We used the skinned fibre technique and a modified substrate-inhibitor protocol for characterization of the integrity of mitochondrial membranes in muscle tissues due to several advantages of this technique in comparison with the use of isolated mitochondria [34] . Intactness of OM can be examined by the cytochrome c test, as proposed recently to be used for this purpose [35] . The limitation of the maximal respiration rate by missing cytochrome c can be easily checked by addition of cytochrome c to the state-3 respiration (Figure 1 ). Pyruvate-dependent respiration of heart mitochondria was measured by high-resolution respirometry in skinned fibres obtained from the same heart at both states, immediately after 45-min ischaemia ( Figure 1A) and after an additional 60 min of reperfusion (Figure 1 B) . The addition of 2 mM ADP stimulated the active respiration, which was clearly diminished after reperfusion. Stimulation of state-3 respiration by cytochrome c was clearly higher after reperfusion as compared with the incubation immediately after ischaemia. Obviously, after reperfusion the respiration was limited by reduced amounts of cytochrome c, indicating leaks in the OM. Addition of atractylate inhibited the AdN-translocator, adjusting the non-phosphorylating respiration which was low after ischaemia but clearly elevated after reperfusion. The difference to the antimycin A-resistent respiration seems to indicate uncoupled respiration and corresponds to the permeability transition. These experiments demonstrate the possibility of detecting the intactness of both the OM and the inner membrane by one respirometric measurement of skinned fibres.
A second approach is the spectrophotometrical measurement of cytochromes in skinned muscle fibres. As shown recently, it is possible to quantify the content of mitochondrial cytochromes (c, cl, aa,, b, and b, [36] ). Despite varying amounts of mitochondria in different fibres the relative absorption pattern of cytochromes localized as integral parts of inner membrane should remain constant, whereas changes in specific absorption of cytochrome c should indicate changing amounts of mitochondrially bound cytochrome c [36] . This is the biological basis for the determination of cytochrome conservation [36] , which was estimated from the spectrum of the homogenized skinned fibres, namely from the claa, ratio, i.e. the ratio between the band intensities of these cytochromes [36] . The b,/aa, ratio remains constant and can be used as a reference value.
As shown in Table 1 
